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ABSTRACT 
-> 
The lasing threshold energy of several ruby 1·crystals, 
grown by the flame fusion metQod, was measured using external 
mirrors to render constant the effect of mirror losses. The 
threshold values obtained ranged from a minimum of 48 joules 
to a maximum of 91 joules; this variation being entirely due 
to internal crystal characteristics. 
The optical homogeneity of the ruby crystals was observed 
using a Twyman-Greene interferometer but no correlation be-
tween the optical quality and the lasing threshold was seen. 
A modified Weissman X-ray diffraction technique was used 
to obtain three dimensional rocking curves and X-ray micro-
graphs of some of the rubies. The rocking curves revealed a 
peculiar type of crystal imperfection which can be described 
in terms of an angular width parameter, an angular length 
parameter and a curvature parameter. For the three crystals 
for which complete data was obtained, i:t was observed that 
the lasing threshold energy was proportional to the angular 
width parameter. The micrographs of these crystals also 
showed a tendency toward more numerous sub-grain boundaries 
for those rubies having a higher lasing threshold. 
1 
INTRODUCTION 
Recent studies have shown that the solid state laser can 
be developed into an industrial tool to be used wherever a 
high degree of energy concentration is required. An important 
step 111 this development is a deeper understanciing of the ef-
feet of various crystal characteristics on the lasing +-. ' 1...11resn-
old energy, that is, tl1e minimun1 energy input to the crystal 
required to produce lasing action. Consequently this investi-
gation ,,1as ~nderta},;:er1 to exarnine the subst.-ruct.i1ral character-
istics of several ruby crystals using a modification of the 
Weissman· X-ray diffractior1 met}1od, with the o1Jj ect1 ve of com-
paring variations in said substructure with differences in the 
lasi11g threshold energy. 
Detailed information on the operation of solid state 
lasers can be found in the first two references listed in the 
bibliography. Briefly, ruby lasers function in the following 
way. A r-uby is a single crystal of l\1 20 3 \'lith a small a~mount 
( ' 0 4 )/ ) f b . . 1 1 - . 1 d h ' h + 3 1. e., • ~o o su stJ_ tutiona .L v dl sso .\le.... c rom-1r,um; t e Cr 
- . -
' ..! 
ions replace ~he AlT~ ions. If the crystal is illwnina~ed 
with an intense light of the correct frequency range, the 
--· 
Cr+3 ions absorb energy in a relatively broad band, correspond-
ing to transition 1 in Figure l. After a non-radiative decay 
to a sharp intermediate energy level (transition 2) they 
2 
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spontaneously fall back to the ground state (transition 3), 
having spent some average lifetime at the intennediate level. 
If the radiation emitted by this spontaneous return to the 
ground state impinges on an io~ in the higher energy level, 
it can stimulate it to emit, and the radiation emitted will .be 
of the same frequency and in phase with the stimulating radia-
tion. In this way, light traveling through the crystal is in-
tensified. If plane parallel mirrqrs are placed at the ends 
~ 
of a cylindrical crystal rod, light traveling parallel to the 
rod axis will make many passes through the crystal and be am-
plified to a high degree. If one mirror is only partially re-
flecting, useful light emerges. Laser action therefore de-
pends on the gain per pass, due to stimulated emission, being 
larger than the loss per pass, due to the mirrors and to im-
perfections within the crystal. These losses include trans-
mission and absorption in the mirrors, losses due to mirror 
imperfections, light scattering point imperfections and opti-
cal inhomogeneity due to strain, variations in Cr concentra-
tion and changes in direction of the optic axis due to low 
angle boundaries (1,2). 
The X-ray method used will yield a three dimensional 
contour view of substructure rnisorientation as will be ex-
plained in the next section. The threshold will be measured 
using external mirrors and this essentially renders constant 
the mirror losses. By comparing the variation in substructure 
misorientation with differences in the lasing threshold, it 
is hoped that the extent of the effect on threshold of changes 
3 
--------~ 
in direction of the optic axis can be studied. 
Interferometric examinations of the crystals, using a 
Twyman-Greene interferometer to observe optical inhomogenei-
ties, and X-ray Laue techniques to detect twist about the op-
tic axis, were also used in an attempt to discover gross dif-
ferences in the crystals which might explain their threshold 
variation. These will be covered in detail in the following 
section. 
i' 
.I! 
:~ 
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EXPERIMENTAL PRODECURE 
Measurep1ent of Lasir1g Thr~shold 
The apparatus used to measure the lasing threshold of the 
ruby crystals is depicted in Figure 2. It consists of an 
aluminun1 •'l coated, completel~r7 er1closed prolate sp}1eroic. reflec-
tor with a xenon flash tube at one focus. A ruby one inch 
long and 011e-eig11th inch in diameter is located at the other 
focus. Since light originating at one focus of an ellipse 
must eventually pass through the other focus, this configura-
tion maximizes the amount of light reac~ning the ruby. This is 
one of several laser designs normally used--rnost of them em-
ploying tr1e principal of elliptical focusing--and was selected 
simply because of its availability. The rubies used were pur-
chased from Meller Inc. with the specification that each be 
cut from a differer1t:. bc>ule so as to obtain a rna:>cirntun arnc,u11t of 
deviation in properties. They were grown by the flame fusion 
method a11d contain .04% chromium. 
Ii 
External to the reflector and normal to the ruby axis are 
located t\vo mirrors mounted on stands which permit adjustment 
of the dis-tance betv..recn th.era an.d rota·tion relati\re to tv10 
axes normal to the ruby axis by means of micrometer adjust-
ments. 
., 
The flashtube is fired by discharging through it a bank 
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The use of the same externdl mirrors, of cour·se, res 1j,J_. t-
T~ 
ed . J• n l"'I .... -1 c- ·r ar t • •-'-..1.l .:) - .. l due to absorption and transmis-
. . 
s1on J.n . cr11 r r0=>r to mirror imperf~ctions. rrh e r-. .. ;::: f ec• .L .. l c:: .L .... '-. the and 
of the lack of parallelism of the end faces of the crystal, 
6 
however, is also nullified by this method. Ready and Hard-
wicke3 have found that the effect of the lack of parallelism 
of the end faces on the lasing threshold of ruby crystals is 
a small one. An angle of one minute of arc between the faces 
was found to increase the threshold by only a few per cent 
over what it would be if the faces were perfectly parallel. 
Since the specimens studied here were supplied to a specifica-
tion of less than 5 seconds of arc between faces, this effect 
is not too important. 
If the end faces of the ruby itself are coated and serve 
as the mirrors, a lack of parallelism will cause light travel-
ing along the rod to move to the sides of the crystal and 
quickly be lost for lasing action (see Figure 3). If, in-
stead, external mirrors are used, the light is now free to 
leave through the end faces, be refracted at some angle if it 
encounters the surface at an angle, and, after being reflected 
from the mirror re-enter the crystal by the same path by which 
it left. This situation is obtained if the mirrors are ad-
justed for minimum threshold for each crystal, as they were. 
Under these conditions any va~iations in lasing thresh-
old obtained will be due entirely to internal characteristics 
of the ruby. The results are listed in Table I. 
Observation of Optical Inhomogeneity 
The internal characteristics of ruby crystals which can 
cause energy loss and therefore influence lasing threshold 
might be separated into two classe.s: Imperfections of any 
7 ,~ 
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kind which can scatter light and cause it to leave the crys-
tal--e.g., impurities, vacancies, air bubbles, etc.--and opti-
cal inhomogeneities caused by variations in chromium content, 
strain, and change~ in direction of the optic axis due to 
sub-grain misor.ientation. 
No data was found in the literature pertaining to the 
relative importanq~ c)f each of these factors so it was de-
cided, before start.ir1g tl1is in1 estigation of the sub-grain 
misorier1tation, that. ar1 a.1:tf:1npt 1N°o11ld bt=:: made to observe the 
overall optical i11l,ornoger1ei ty, wl thout regard to the indiv id-
ual factors which contribute to 1t, to see if correlation be-
tween the optical q.uai i ty of the r~ryst1:1ls ar.id tl1eir lasing 
threshold migl-1t be fo\1rld. 
The 0bservat:io11 ot opt.ical inhomogeneity, wl1ich is noth-
ing more than variation of the index nf refraction, can be 
done quite readily by a rnetl1od reported by Hercher, 4 who used 
it in an attempt to correlate optical quality of ruby crystals 
with certain characteristics of their lasing pattern. This 
method employs a Twyn1ar,-Greene interferon1eter with the ruby 
inserted in one of tl1e anns (see scr1ematj_c Figure 4) . Such 
I.' 
an interferometer is commonly used for optical examination of 
lenses and it is very sirnilar to a Michelson interfero1neter 
except that collimated light is employed . .,. 
The incorr1ing light is divided int.a two parts by the beam 
splitter and each of these parts is reflected from.the end 
mirrors placed normal to the path of the light. The two beams 
then recombine in the viewing telescope and if one of the 
8 
' 
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• 
mirrors is tilted slightly, a pattern of alternate dark and 
light, straight line fringes is produced .in the field of 
view. This pattern is due to the alternately constructive 
and destructive interference of the light across the field of 
view. This interference depends on the difference in the 
length of the paths \-1h1ch eacl1 beain has followed. If one mir-
ror is tilted, this difference varies unifonnly across the 
field of view--assuming the mirrors are flat--and thus pro-
duces the pattern described. If the light is well collimated 
and the n1i rrors are flat, the pattern will consist of straight 
lines free of irregularities. 
If we now place a ruby in one arm with its axis parallel 
to the path of the light, the crystal will distort the wave 
front and change the path length 1n this arm in a way peculiar 
to its own optica; ,characteristics. The fringes will become 
/ \ 
distorted and a qualit~tive estimate of the ruby's optical 
""' 
inhomogeneity can be obtained. 
A variation of the usual interferometric techniques was 
used here in that a He~Ne gas laser was used as a light 
source. This has several advantages. First, the light from 
a He-Ne gas laser is very monochromatic, parallel and intense, 
with a wave length near that of the light emitted by the ruby 
laser. Its output is also polarized by Brewster's Angle win-
dows at the end of the tube contairiing tl1e gas. Hence we are 
using light very similar to that emitted by the ruby laser, 
which is also polarized. Finally the high ·intensity of the 
light enables us to project the fringe pattern on a screen, 
9 
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thus making it very easy to observe and photograph. 
Distortion in the fringe pattern, of course 1 can be due 
not only to variations of tl1e index ot retraction ot the crys-
tal but also to variations in the physical path length caused 
by irregula.ri ties on tr1e crystaJ. faces or ever, a lack of 
parallelism of tl1ese faces, By substitut.ing the face of the 
ruby for one of the interferometer mirrors, it was found that 
these faces were almost as flat and regular as the mirrors 
used. The fringes remained straight and no roughness compa-
rable to that seen in fringes produced by light having passed 
through the c1·)1stal was observed (see Figure S). 'l'l1e i11ter1sity 
of the fringes produced by lig.ht reflected frorn a ruby face is 
lower than those produc~d by the inter f eror\1eter ' . rn:L r ror s since 
the reflectance of the ruby end faces is very small, but the 
intensity of the laser beam is such that they are clearly 
visible. 
Simple lack of parallelism of the faces will not result 
in fringe distcrtior1 but only ir, a charige ~ n the fringe spac-
ing or in the angle between fringes seen through the crystal 
and those seen outside the ruby. Hence any roughness in the 
fringes should be due entirely to variations of index of re-
fractio11. 
Measurero,ent of _¥gle B~·tween C Axis and Rod Axis and of Twist 
About C P~xis 
The .rubies used in this experiment ·all were oriented 
such that the "c 11 axis of the.hexagonal unit cell and the rod 
10 
·< 
J 
• 
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axis were parallel. It has been observed by Sage 5 that lasing 
actior1 is facilitated by this orientation_. Therefore it was 
decided t.o- measure tt1e angle betv,een the "c" axis and tl1e rod 
axis to verify this orientation and to note any major devia-
tion 1.n thJ_s h ~ .i. \ .. , n e '""' .......... vs ta l -. 
.. ...1 •- \.a ,; ,_ • , L Ao - • • :::S • 
Tl1is was dor1e using the back reflection Laue X-ray 
method. x~ray photographs ~"'e~e taken normal to the two end 
faces of each crystal using_ \vhite rad.1ati.on from a Cu target, 
operated at 2 5 k,J ar1d 30 ma. An exposure time of 40 minutes 
was found suitable. 
F'i-gure 6 sho,,is ·the tvJO Laue photographs for the ruby 
having the largest angle betwee!1 the "c" axis and the rod axis. 
The intersection of the cross hairs locates the position of 
the rod axis and the II ,_. 11 \... axis is l.ocated at the easily identi-
fied center of synunetry of the spot pattern. 
these t~ ... ,o is approxi1nat.ely 7° i11 this case. 
The anale between 
J 
No correlation 
was fo1.1nd between tl1e magnitude of this angle and the lasing 
threshold, and it can only be concluded that other factors 
were more im1)ortant in determining the threshold ener,gy of 
these rubies. 
The degree of angular twist about the "c" axis can also 
be obta~.ned by a comparison of these two photographs. This 
twist did not e:zceed the possible error in the measurement and 
was discarded as a factor influencing the threshold in the 
crystals under study. 
I 
X-ray Substructure _ _Jnveatigation 
The method used to measure the sub-grain misorientation 
11 
I 
I 
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was developed by R. W. Kraft and D. L Albright6 as a modifi-
cation of the Weissman7 double crystal diffractometer tech-
nique. The crystal is first c11t in half parallel to the rod 
axis to provide a larger target and to facilitate mounting on 
the goniometer. For the crystals used here surface prepara-
tion consisted solely of rough diamond polishing. Next, a 
Laue photograph of one end face of the crystal is indexed to 
determine the orientation of the crystal with respect to the 
.. newly exposed surface. A pole is selected for reflection such 
that its plane spacing "d" satisfied tl1e Bragg relationship 
when using an available X-ray wave length and a suitable re-
flection angle. 
The crystal is then mounted on the goniometer and ad-
justed so that the crystal surface normdl and the reflecting 
pla11e nor1nal both lie on the equatorial plane of the di f fracto-
meter. Rocking curves are then taken by rotating the crystal 
about the N-S axis--designated l)( rotation--and recording re-
flected intensity at reasor1al')J e interva 1 s. After each curve 
is completelj, the crystal is rotated about the surface normal 
by a certain arnount--design 9ted c.A) rotation--and the next ,, 
rocking curve recorded. This process brings different sec-
tions of the pole into reflecting position on the equator. 
After several such curves have been obtained, the data are 
plot~ed on polar graph paper after an appropriate transforma-
tion. Curves of constant intensity can then be drawn which 
provide a graphical representation of the degree of angular 
misorientation of the sub-grains in the irradiated area. 
12· 
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For the first two rubies examined (Nos. 4 and 7) the 
11~0 plane was found to have a suitable orientation. For this 
plane, the d spacing is 2.39 A and Cu K~ radiation with a wave 
length of 1.54 A satisfies the Bragg relation~ip at an angle 8 
0 
equal to 18~8 e The next ruby (Noo l) was oriented in such a 
way that it was necessary to use the 30~0 plane at an angle e 
0 
equal to 33.9 . The angle between the surf3ce normal and the 
0 
reflecting plane norrnal, des1..9r1ated C<p, was equal to 1. 5 , 
3.6° and 2.3° respectively for rubies Nos. 4, 7 and 1. Rubies 
Nos. 1 and 7 represent extremes in the lasing threshold energy 
(J 
while ruby No. 4 is at an ir1termediate value. 
Next, X-ray ITlicrograr-)11s v1ere ta}(en of each of the three 
rubies examined in this mannar. Having adjusteo the crystal 
to obtain a peak in reflected intensity, a film plate (Kodak, 
Type V-0} was positioDed par~llel to the ruby surface at a 
distance of a few millimeters and in such a way that the in-
cident X-rays would not be obstruct.ed ~ Ni filtered. Cu KC( 
radiation was used and an exposure of about 1-1/2 hours was 
found to be suitable. 
. .. 
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DISCUSSION OF RESULTS 
Int r r~ r C\ l) t -. C -, ...- _l f c-r C· P - .;._ t- e -Y- l'• C' e e _ ~. ,_ ..:j t 1. ___ __]_::i___:__ __ ~~~~:· ..i .._} 
f -.·c,~1· rr1, -:-:i 'f--.. 1 P I 
C- >. • • t l (.l )./ - .- t t}-.e threshold energy values 
obtained. r:insJe from 4f3 ·i oul es 
_) to 91 joules. This 1s not an 
ins i gr:1 f i car:. t var i at .1.on. Low tnresholc.i leveJ.s are essential 
to the f 'J n ct i o 0 .. _i_ r .t ~, o f co r1 t i Jiu o us l '/ ope r at 1 r1 g J a s e r s , -ar1a a re-
deal ,...- Le ;-r-' S \...c'Llll of the life of lan1ps used for pwT1ping. 
crystal, such as interferOffletr1c exa1r1inat1on, would have been 
desirable. However, no sir:1µlc ~~c,rrelat1or, bet.ween optical 
homogenei t~/ and las1 ng thrcs!1C)ld \vas founa. Figure ~ shows 
the interference t)atterns of three cryst.als, two ver~}' rough 
and one f a 1. r l y srr1 o (_) t 11 . o u t. r1 o r eg 1J. l a r i r1 c r E a s e i n r cu g h n e s s 
is seen as tt1e cl1resnold increases. Tt1e other rubies exarnined 
showed the sarne rd- n ct' c1i'l, ,_, ;:,i r i d- ~- 1 nn c:: .... .. ............ ii, • _...,.,...i... -- ....,_ ___ '-""••..- although the 
three I)lctu1:,ed here display· this lack of correla·c.ion in a 
pronounced manner. 
Sub-Grain Misorientation 
Tl1e effect of sub-·grain rnisorientation on the threshold 
energy of ruby is due to variation of the index of refraction 
with the direction of travel through thE: cr~/stal. For light 
moving in a direction parallel to the optic axis, the "c" axis 
14 
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ll 
and thus having its E vector perpendicula
r to the optic axis 
the index of refraction is 1.760. Thi
s value increases as 
the angle between the E vector and the
 optic axis decreases 
and reacl1es a maximum of 1. 768 for wav
es ,,ibrating in a direc-
tion parallel to the optic axis. 
1 
,8 
J. M. Lorrune a.nd ~1. L. I<ronberg repo1-
ted that tl1e angu-
lar misorientations between neighboring 
sub-grains in ruby 
crystals gro\~1n by the f.lame fusion me
ti1od can }Je as Inuch as 
2°. Using this value, the angle of r
efraction for light pass-
ing from c~ne sub-grain to the next wa
s calcttlatec1 as shO\aJn in 
the Appendix. The calculatio11 ~..-.1as done 
assun1ing that liyht 
traveling parallel to the optic axis in
 one sub-grain encoun-
ters a grain boundary at an angle <Jf
 2°, and that t.he optic 
axis of the second sub-grain is also a
t an angle of 2° to the 
optic axis of the first grain. This bei
ng the case, the light 
will be separated into two components. 
(See Figure 7.) The 
first con1ponent, designated tl-"1e ordi.na
ry or "O" component vJill 
consist of a wave fror1t v;11cs2 E vect
or \librates perper1dicular 
to the optic axis of tl1e second cryst
al, that is, norrnal to 
the plane of the drawing. This compo
nent will experience no 
change in the index of refraction a11d w
ill not change direc-
tion. The second component, designat
ed the e1ctraordir1ary or 
"E" cornponent, will consist of a \,Ja'\,e 
front whose E vector 
vibrates in t}1e plane of the drav!ing. 
The a11gle at: v1hicl1 the "E" wave front
 is refracted was 
calculated and found to be less than 1 se
cond of arc. How-
ever, the direction of propagation of t
his wave front is not 
15 
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along the line of the wave front norm~l. The ray velocity 
direction for the E component was calculated and it was found 
that its angle of refractior1 exceeded 1 minute of arc. On 
the basis of this calculation, it was concluded that varia-
tions in sub-grain misorientation between crystals could ac~· 
count for differences in their lasing ·threshold, and a measure-
ment of this misorientation was undertaken. 
The results of the X-ray rnisorientation measurements are 
depicted in the three dimensional rocking curves of Figuresl 
8, 9 arid 10. These are plots of diffracted ir1tensity--repre-
sented by contour lines--on a polar coordinate system which 
indicates angular deviation from the origin. In all cases 
the origin was arbitrarily chosen as the most intense posi-
tion on the roc1cing ct1n1e. The dashed lines represent con-
stant~ angles along which the data were recorded. 
It would be desirable to understand the cause of the 
peculiar circular shape of these curves. Two types of causes, 
which can be called geometrical and inherent, might produce 
these unusual rocking curves wr1ich devia·te substantially from 
those ~.vhich would be observed in a crystal with a random sub-
structural arrangement. As pointed out in Ref. 6, a coin-
pletely random arra11gement of sub-grains about some mean orien-
tation produces circular contours centered on the origin if 
there are no geometric errors which complicate the picture. 
Initially, it was considered possible that the unusual 
shape of these curves might be due to an error in the measure-
ment of O(p, the angle between the surface normal and tl1e 
16 
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highest intensity region of the pole (i.e., the origin of the 
plots). This angle was measured using the diffractometer and 
appears as a variable in the calculations required to transform 
the data so that it may be plotted, as shown in Figures 8-10~ 
If an error were made in measuring OCp , and in reality it were 
bigger than the values given, this would account for the curva-
ture which resulted. On the other hand, if a larger value of 'ff(P 
is substituted into the calculations, the distance between the 
two furthest points on the .. roclcing curve increases and it, . in 
turn, soon becomes unrealistic. Moreover, this 'straightening'· 
will still produce a curve with a high ratio of length to 
width. In any case, the degree of correction required to 
'straighten' the curves in this way is much larger than any 
error which is likely to have occurred. It was ~herefore con-
cluded that this type of geometrical error does not account for 
the unusual shape of the rocking curves. 
Another factor which it was thought might have contributed 
to the unusual shape of these curves is the high length to 
width ratio of the cr~{stals (l/8 11 \vide x l II long). The width 
of the X-ray beam used was approximately O. 5 llU1l and its heigl1t 
approximately 9 mm. The system was alligned with the crystal 
in a vertical position and such that the beam would impinge 
on the center of the crystal. When the crys·tal ,,,as rotated 
about the~ . W<lS to a horizontal position, the top and bottom 
portions of the beam would miss the ruby. In order to deter-
mine if this had any effect on the shape of the rocking curves, 
the surfac~ normals were plotted on the diagrams (as small 
17 
circles) and the long direction of the specimens indicated (as 
'.t arrows) . Examination of these three figures shows that there 
appears to be no correlation between the angular orientation 
\ 
of the crystals relative to the pole and the shape of the con-
tour plot. For rubies Nos. 1 and 4, the maximum reflected in-
tensity did occur with the crystals in a vertical position, 
but crystal No. l had to be rotated well past the horizontal 
to arrive at one tenth maximwn intensity and almost a complete 
180° revolution (a return to a vertical position) was required 
to obtain onl~l background radiation. Ruby No. 7, on the other 
hand, reached a maximum at approximately 45° to the vertical 
and the vertical position itself yielded a minimum intensity. 
Again it can be concluded that although this kind of geometri-
cal effect may have distorted somewhat the true shape of the 
poles, it cannot be employed to explain their unusual length 
to width ratio or their curvature. 
In swnmation, since no other systematic geometrical ef-
fects can be envisioned, it is concluded that the unusual shape 
of the rocJcing curves is attributed to the inherent nature of 
the substructure of the crystals. In each case, the sub-grains 
are oriented in such a way tr1at the no1"Tflals to cer·tain planes 
describe a portion of a circular pattern in three dimensional 
space. No explanation of this fact can be offered. It is 
probably a consequence of the thennal conditions prevalent dur-
ing grO\t/th and/or the tendency for preferred growth in certain 
directions. 
Nevertheless, two types of angular misorientation can be 
18 
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determined from the rocking curves for comparative purposes. 
These are the angle between the two furthest points on the 
curve, as measured on a great circle, and the smaller angle 
i~, 
""-.... -
designating the width of the curveo These parameters are des-
ignated arbitrarily as angular length and angular width re-, 
spectively. Table II compares the values of these parameters 
with the observed lasing threshold. It is observed that where-
as no correlation exists between angular length and threshold, 
the angular width as measured across the curve at the point of 
maximum intensity is proportional to the lasing threshold. Al-
though it would be premature to state that this is the most 
significant parameter which affects the lasing threshold, it 
is conceivable that one angular parameter/of small magnitude of 
this type is more important than another parameter of larger 
absolute magnitude (such as angular length). 
X-ray oscillation micrographs of rubies Nos. 1 and 7, rep-
resenting the extremes in lasing threshold, are shown in Figure 
11. The micrograph of ruby No. 1 contains some straight dark 
and light lines (one of each is marked with an arrow) which are 
images of scratches caused by the diamond polishing. Neglect-
ing these irrelevant contrast effects, it is observed that there 
are more croo}ted dark streaks in the micrograph of ruby No. l 
than that of ruby No. 7. Since these crooked streaks are pre-
awnably caused by spurious diffraction effects at sub-grain 
boundaries, 7 these micrographs show that crystal Noo l has an 
array of sub-grain boundaries more numerous than that of cry-
stal No. 7. 
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· 'The micrograph of crystal No. 4 shown in Figure 12, was 
taken by a slightly different technique. Although it is im-
possible to make a quantitative evaluation of sub-grain size 
on the basi~ of these preliminary experiments, this micrograph 
appears to confirm the trend noticed in the other two; the unit 
density of sub-grain boundaries appears to be intermediate be-
tween that of rubies Nos. 1 and 7. In all cases the sub-grains 
tend to be elongateQ in a direction pPrallel to the crystal 
• axis. 
The rough correlation evident here between the number of 
boundaries and the lasing threshold indicates that the angular 
misorientation of the sub-grains cannot be regarded as the 
sole influence on threshold. The average change in direction 
of light passing from one sub-grain to the next differs for each 
crystal, but so does the number of times which it is subjected 
to this change in direction. Moreover, if the sub-grain 
boundaries are considered to be arrays of dislocations, the 
associated strain will add to the distortion of the wave front 
at the boundaries. 
An explanation for the lack of correlation between the 
distortion in the fringe patterns and the lasing threshold is 
still lacking. Both the angular rnisorientation and the num-
bers of sub-grain boundaries seem to be related to lasing 
threshold. Each of these factors should also influence the 
optical homogeneity, yet no relation could be found between it 
and the threshold. 
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CONCLUSIONS 
1. Variations of the lasing threshold energy of ruby 
crystal~ due exclusively to internal characteristics, were 
' 
found to be considerable, amounting·, in this study to about a 
two to one ratio in a sample of seven crystals. This surely 
indicates that studies of the effect of growth parameters on 
sub-structural characteristics of ruby are warranted. 
2. No simple relationship between the optical homogene-
ity, as shown by interferometric fringe patterns, and the 
lasing threshold energy was found. 
3. A correlation between lasing threshold and the angu-
lar.width parameter of sub-grain misorientation described 
herein was found. In addition, a correlation between lasing 
threshold and the number of sub-grain boundaries was also 
noted. It could very well be that the number of sub-grains 
present and the angular rnisorientation are related, a larger 
number of grains increasing the probability of a larger mis-
orientation. Confirmation of this opinion would require the 
examination of at least the remaining four rubies. 
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Ruby 
1 
3 
2 
6 
4 
5 
-7 
TABLE I 
.. Lasing Threshold Energy Data 
\ 
_Input Voltage 
At Threshold 
In Volts 
720 
67 5 
630 
610 
590 
540 
525 
:v 
.. 
Input Energy 
At Threshold 
In Joules 
91 
80 
70 
65 
61 
51 
48 
Energy= 1/2 cv2 where c = 350 µ farads in all cases • 
...... 
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l'ABLE II 
~ Comparison of Angular Length and 
Angular Width Parameters with 
Lasing Threshold 
Threshold 
Energy in Joules 
Angular Length 
In Degrees 
91 3.6 
61 8.1 
48 5.5 
1)_· 
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Angular Width 
In Degrees 
0.45 
o. 30 
0.25 
,i. 
r 
i 
~.i. 
Ii 
,, 
.. 
1 \ 
). 
F'IGURE I. Simpliflied ruby energy level din.gram. 
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APPENDIX I 
CALCULATION OF THE REFRACTION ANGLE FOR 
MONOCHROMATIC LIGHT INCIDENT ON A 
POSITIVE UNIAXIAL CRYSTAL 
The method of Huygenian constructions as described by E. E. Wahlstrom9 is used here to calculate the angle of re-fra,ction of light incident on a uniaxial\ crystal at an angle 
', 
of 2° to the surface normal. The y axis in Figure 7 repre-
sents the boundary between two.sub-grains. The light is 
traveling parallel to the optic axis in the top ·grain, which is at an angle of 2° to the bottom grain. 
The velocity of the light . the top . proportion-in grain 1S 
al to 1 where N l. 760. As it to the bottom • 
- passes gra1n ' 
-N 0 0 
II II 
it . broken up into . 
not deflec-
1S two components. The O ray l.S 
ted since its velocity is still proportional to 1/N; its E 0 vector being perpendicular to the optic axis in both grains, 
~that is perpendicular to the plane of the drawing. The .. E" 
component having its E vector in the plane of the drawing, is deflected and its angle of refraction can be calculated in the following way. 
The semi-ellipse below they axis is a section of a ray 
velocity surface. The length of the major semi-axis is pro-\ portional to l/N
0 , and so., is proportional to the velocity of 
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light moving in that direction. The length of its minor semi-
axis is proportional to 
of an "E" ray traveling 
1 N' where Ne= 1.768. The velocity 
e 
in-any direction is given by the 
length of the semi-axis having that direction. 
In this instance, the "E" ray will pass through some 
point P having coordinates (x1 y 1 ). A tangent to the ellipse 
at this point must intersect they axis at a point O' such 
that the distance O' is proportional to l/N
0
, the velocity of 
the ray in the upper medium. 
The equation for the tangent to an ellipse • is: 
,/ 
(1) (1/N X) 2 + M:=-)2 - 1 -e 0 
Setting x = owe obtain 
M -1 ( 2 -
0 
(2) 
The value of y when x 0 • • by - 18 given -
y - (l/N
0
) I -
• e sin 
and • this case is 16.28028 . in 
Substitution into equation (2) yields a value for y1 ~f 
.0196505. Substituting this value into the equation for the 
ellipse which is 
2 (xl) 
(1/N ) 2 
e 
+ -- 1 
A value of .5678388 is obtained for x 1 • 
Y1 
xl 
tan 8' -
-
(3) 
Solving the equation 
(4) 
yields a value of 1° 58.9' for 8 1 , where e• is the angle be-
tween the ray velocity vector and the optic axis. Thus the 
ray velocity vector has been refracted by more than 1°. 
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The wave normal is found by solving the equation 
tan 8 11 -
-
y - Y1 
xl 
(5) 
This equation yields a value of more than 1° 59' 59". The 
wave normal has been refracted less than 1 second of arc. 
' 
Calculations at this level are not too accurate since 
they rely heavily on interpolation, but the value of 1 minute 
of arc for the refraction angle of the ray velocity vector is 
meaningful. 
~-
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